Four-phase (S H hydrate + water-rich liquid + hydrocarbon-rich liquid + vapour) structure H (S H ) hydrate equilibria of (methane + water + 2-methylbutane + magnesium chloride), (methane + water + 2,2-dimethylbutane + magnesium chloride), and (methane + water + methylcyclohexane + magnesium chloride) were measured in the temperature range from T = 271.55 K to T = 284.65 K, and the pressure range from p = 1.47 MPa to p = 9.75 MPa. The results for three ternary hydrates were found to be in good agreement with those in the literature. The addition of MgCl 2 exerted a substantial inhibition effect on hydrate formation. The hydrate equilibrium temperature and pressure were predicted by the Redlich-Kwong-Soave equation of state (RKS-EOS) using the Huron-Vidal second-order (MHV2) mixing rule incorporated with the modified UNIFAC model and Aasberg-Petersen et al.'s model. Good agreement was observed between the predicted conditions and experimental results. A small deviation was found as the system pressure increased.
Introduction
Clathrate hydrates are non-stoichiometric solid inclusion compounds in which individual "guest" species (atoms or molecules) of a suitable size and shape are held in the cavities provided by the hydrogen-bonded lattice of the "host" water molecules. The hydrate lattice containing no guest molecule is referred to as a hypothetical reference state since the hydrates cannot exist without its inclusion. Either relatively low molar mass gases, or volatile liquids can occupy the cavities as possible guests. Each cavity formed by the host water molecules has generally been known to compromise of only one guest molecule in most hydrate-forming mixtures. However, it should be noted that more than two guest molecules in one cavity are well situated when special types of organic compounds with a hydroxyl group are used as the hosts, as can clearly be seen in phenol clathrate. (1) Hydrates are generally well formed and stabilized in the low temperature and high pressure conditions of the hydrate phase equilibrium region. Hydrate formation becomes undesirable in natural gas production and processing facilities because of frequent plugging of pipelines and obstruction of gas flow. The commonly occurring hydrate structures are structure I (S I ) and structure II (S II ), and substantial research relating to these two structures has been widely reported in the literature. A detailed summary concerning the relationship between structure type and guest component can be found in the literature. (2) Structure H (S H ) hydrate was first discovered by Ripmeester et al. (3) in 1987. This structure has a unique ability to encage somewhat large molecules, such as adamantane, 2,2-dimethylbutane, 2-methylbutane, and methylcyclohexane that had been considered as non-hydrate formers, with the help of small guest components like methane, xenon, hydrogen sulfide, and nitrogen. In particular, the S H hydrate formation is becoming increasingly important in petrochemical processes due to the fact that some liquid components in petroleum are transformed into white, crystalline, solid S H hydrates by combining with moisture and light hydrocarbons existing in the plant and pipelines. Lederhos et al. (4) reported the first S H hydrate phase equilibrium data of (methane + water + adamantane). Mehta and Sloan (5, 6) also provided S H hydrate phase equilibrium data involving a variety of liquid hydrocarbons with methane as the guest components. Similar types of data have also been reported by Becke et al., (7) Thomas and Behar, (8) and Danesh et al. (9) using methane and nitrogen as the guest components. Makogon et al. (10) reported the S H phase equilibrium data of (xenon + water + 2,2-dimethylbutane). The effect of an electrolyte NaCl on the S H phase equilibria was measured by Hütz and Englezos. (11) The thermodynamic model of Mehta and Sloan (12, 13) demonstrated good agreement with the phase equilibrium data reported by those researchers. In addition, Mehta et al. (14) suggested a method to construct an S H hydrate phase diagram using a geometric approach.
In the present study, new S H hydrate equilibria were measured for three different liquid hydrocarbon systems of 2-methylbutane, 2,2-dimethylbutane, and methylcyclohexane with methane containing MgCl 2 as an electrolyte inhibitor. The measured hydrate equilibrium data were successfully correlated by the Redlich-Kwong-Soave equation of state (RKS-EOS) incorporated with the Huron-Vidal (MHV) mixing rule with the modified UNIFAC model.
Thermodynamic models
The overall structure of the thermodynamic model for describing the S H hydrate equilibria was given in detail in our previous work. (15) The statistical thermodynamic model for the hydrate phase was developed by van der Waals and Platteeuw, (16) which related the chemical potential of water in the hydrate phase to that in the hypothetical empty hy-drate lattice. The fractional occupancy of guest molecules in the hydrate cavity is given by classical adsorption theory represented by Langmuir's isotherm. It contains the potential interaction between host water molecules and an encaged guest gas molecule in each cage with the assumption that the lattice cavity is spherically symmetric. The Kihara core pair potential was used to calculate the guest-water interaction, and its complete computational formula was suggested by McKoy and Sinanoglu (17) to sum up all binary interactions to yield an overall cell potential. The Kihara parameters for each guest species are obtained by fitting the expression in chemical potential differences of water:
where ν i is the number of type i cages per water molecule, and θ ki is the fractional occupancy of type i cages with type k guest molecules. In addition, h w and ν w are the enthalpy and volume differences between the hypothetical empty hydrate cage and pure ice, or liquid water phases. Mehta and Sloan (13) reported the well organized Kihara potential and reference parameter values for S H hydrate systems. To calculate the solubility of guest molecules expressed as the last term of equation (2), they used the Krichevsky and Kasarnovsky solubility derivation that was also incorporated with Henry's law constant. Instead, in this study, the last term of equation (2) was replaced with water activity calculated by using both the proper EOS and Pitzer's model. (18) The RKS-EOS incorporated with the MHV second-order (MHV2) mixing rule was used to determine the corresponding fugacity. Any appropriate excess Gibbs free energy model can be used for the MHV2 mixing rule. The UNIQUAC model was adapted in our previous work. (15) Unfortunately, this model's calculation requires the pair interaction parameters that are not available in many cases. Thus, despite the inaccuracy, the modified UNIFAC model was adopted as the first attempt applicable to any of the S H hydrate systems for which no experimental information is available. All the UNIFAC parameters used in this study were cited from the literature. (19) Fugacities in the water-rich liquid phase were calculated by combining the RKS-EOS with the Debye-Hückel electrostatic contribution in order to take into account the effect of MgCl 2 . The fugacity coefficient of water in the electrolyte-containing liquid phase equilibrated with hydrate and the gas phase was calculated by using the method of AasbergPetersen et al. (20) For (methane + water + liquid hydrocarbon), a rigorous flash calculation was needed because the liquid hydrocarbons are apt to vaporize so that the mole fraction of the liquid hydrocarbon in the vapour phase could not be neglected. Therefore, at each given pressure and temperature, a flash calculation was performed to determine the fugacity of the liquid hydrocarbon. A schematic diagram of the gas hydrate apparatus: 1, gas cylinder; 2, regulator; 3, storage holder; 4, pressure gauge; 5, vacuum pump; 6, thermometer; 7, equilibrium cell; 8, rocking motor; 9, external refrigerator/heater; 10, hand pump; 11, water bath.
Experimental
The (water + magnesium chloride) was prepared with doubly deionized water. The magnesium chloride hexahydrate with a mass fraction purity of 0.985 was supplied by SigmaAldrich Chemical Co. The methane was obtained from Scientific Gas Products Co. and had a stated mass fraction purity of 0.99999. The chemicals 2,2-dimethylbutane, 2-methylbutane, and methylcyclohexane were supplied by the same company, and had a guaranteed mass fraction purity of 0.990, 0.995, and 0.990, respectively.
The schematic diagram of the apparatus used in the experiments is shown in figure 1 . It consists of a cylindrical high-pressure equilibrium cell that is agitated by a Panasonic rocking motor. The cell was immersed in an externally-refrigerated temperature-controlled bath. The bath contained about 25 dm 3 of a 0.5:0.5 mass fraction ratio of (water + ethylene glycol), which was regulated by an externally circulating refrigerator/heater with a capacity of 30 dm 3 . The operating temperature was maintained by a temperature controller (Jeio Tech, MC-31) with an accuracy of ±0.1 K. The cylindrical equilibrium cell is made of 316 stainless steel and has two sapphire windows installed at the front and back. The bath is also equipped with thermally-reinforced glasses so that the visual monitoring of hydrate formation, or dissociation is allowed. The cell had an internal volume of about 0.150 dm 3 (0.76 dm long, 0.25 dm i.d.). To stir the cell contents, the rocking motor was used. Its rocking rate was controlled by a Panasonic RPM controller. The cell was moved up and down by about 1.3 dm.
The temperature inside the cell was monitored by a stainless-steel K-type probe with a digital thermometer (Cole-Parmer, 8535-26) accurate to within ±0.1 K, and the cell pres-sure was measured by a Heisse Bourdon tube pressure gauge (CMM 104957, 0 MPa to 60.0 MPa), accurate to within ±0.1 per cent of the full-scale reading. A Mettler analytical balance with a readability of 1·10 −5 kg was used to weigh the magnesium chloride and other chemicals. To charge the samples, the cell and tubings were evacuated with a Vacuubrand vacuum pump (Vacuubrand GmbH, RE2/RZ2). After the equilibrium cell was cleaned thoroughly, all the inner parts were evacuated with a vacuum pump. Initially, about 7.0·10 −3 dm 3 of distilled water and a 1.50 mass fraction stoichiometric excess of the liquid hydrocarbon were introduced into the cell. Because of their virtual immiscibility, two distinct liquids could be observed visually. Methane was then introduced to obtain a pressure close to the starting pressure, that was higher than the S I hydrate equilibrium pressure. After S I hydrates were formed, the pressure decreased to a point below the S I hydrate equilibrium. This made the S I hydrate dissociate, leaving behind residual hydrogen bonds and some clusters in the aqueous phase, thereby promoting the formation of the S H hydrate. After the system pressure was stabilized, an additional pressure drop would indicate consumption of gas due to another S H hydrate formation. This condition was assumed to be above the equilibrium pressure. On the other hand, an increase in the cell pressure would confirm the S H hydrate dissociation through the release of gas. The system pressure appeared to be slightly below the equilibrium S H hydrate pressure. In this manner, the S H hydrate equilibrium pressure was determined within an accuracy of ±30 kPa.
Results and discussion
Measurements of the hydrate formation conditions for the (methane + water + 2-methylbutane), (methane + water + 2,2-dimethylbutane), and (methane + water + methylcyclohexane) systems were performed first to verify our experimental apparatus and procedure. The results are given in table 1 and shown in figure 2 , and compared with two other literature sources. (11, 12) The S H hydrate equilibrium data represent four-phase (S H hydrate + water-rich liquid + hydrocarbon-rich liquid + vapour) equilibrium for the three liquid hydrocarbon systems. As seen in the figure, there is a good agreement between all the data compared. Figure 2 shows that the presence of liquid hydrocarbon hydrate-formers induces more favorable conditions, i.e. lower pressure, for the S H hydrate formation than the S I methane hydrate. At a given temperature, the S H hydrate equilibrium pressure with 2-methylbutane is the highest among these three systems. Both 2,2-dimethylbutane and methylcyclohexane exist closely. There was an outstanding feature in the experimental process; it took too long to form the S H hydrate in additional liquid hydrocarbon-former systems than compared with the S I hydrate. It was especially difficult to induce hydrate nuclei in the system with 2-methylbutane, and its nucleation time was a few days. In contrast to S I and S H hydrates, S H hydrate crystals were found in the bulk state of the liquid water and hydrocarbon phase. Once the hydrate formed, crystals grew onto the windows and walls of the cell, and finally almost filled the whole inner part of the cell. Even though the rate of hydrate crystal formation was extremely slow, their stability showed an abundant formation of crystals. The 2,2-dimethylbutane hydrate system showed immediate formation of crystals. T/K p/MPa FIGURE 2. The structure (S H ) hydrate phase equilibria of (methane + water), (methane + water + 2-methylbutane), (methane + water + 2,2-dimethylbutane), and (methane + water + methylcyclohexane).
•, reference 21; , , and , reference 12; , , and , this work. Data for (methane + water + 2-dimethylbutane + magnesium chloride), (methane + water + 2,2-dimethylbutane + magnesium chloride), and (methane + water + methylcyclohexane + magnesium chloride) systems are given in table 2 and shown in figures 3, 4, and 5. Each of the systems containing MgCl 2 contained a 0.1 mass fraction of it. At present, only one experimental data of the S H equilibrium with an electrolyte (11) has been published apart from this work. Thus, more experimental measurements with a variety of salts and other inhibitors should be performed. As also seen in our previous work, (15) the MgCl 2 electrolyte greatly inhibited the formation of hydrate with a 0.1 mass fraction. This amount of MgCl 2 inhibited substantially the hydrate formation temperatures by more than 5 K on average. Data indicated that the formation pressure of the S H hydrate, at a given temperature, is lower than that of the corresponding S I hydrate. Thus, the presence of liquid hydrocarbons will increase the pressure range of the hydrate formation condition. This phenomenon becomes a more desirable feature when the S H hydrate formation is applied as a separation method of CH 4 from gas mixtures because the addition of S H hydrate formers can substantially decrease the actual operation pressure. Figures 3, 4, and 5 also show the predicted results of the S H hydrate systems. All the reference properties of the methane S H hydrates were obtained from the literature. (13) The critical properties of the hydrocarbons were obtained from Reid et al. (19) The optimized Kihara potential parameters are presented in table 3. In general, the overall predicted results were in a These parameters were obtained from our previous work. (15) b Parameter a values were directly cited from Mehta and Sloan. (13) good agreement with the experimental data. However, two systems containing methylcyclohexane showed slightly greater deviations than other systems, particularly when the hydrate equilibrium pressure was increased. This result might be due to the intrinsic uncertainty of the modified UNIFAC model. In spite of this limitation, the UNIFAC model was adapted in this study because the necessary information was not available. It seems quite surprising that the hydrate equilibria for electrolyte solutions containing a 0.1 mass fraction of MgCl 2 could be successfully predicted by the UNIFAC model. More than 40 hydrocarbons were reported to form the S H hydrates, and hopefully, their thermodynamic phase equilibria will be extensively investigated in the near future. Both experimental and theoretical S H hydrate equilibrium studies should be carried out for a variety of systems, with or without salts.
Conclusions
The four-phase (S H hydrate + water-rich liquid + hydrocarbon-rich liquid + vapour) equilibria have been measured for three (methane + water + liquid hydrocarbon) and (methane + water + 0.1 mass fraction magnesium chloride) systems. Our non-electrolyte data was found to be consistent with the literature. It was also observed that MgCl 2 had a substantial inhibition effect on equilibrium conditions. The equilibrium temperatures and pressures were predicted by the RKS-EOS with the MHV2 mixing rule incorporated with the modified UNIFAC model and Aasberg-Petersen et al.'s model. Good agreement in the whole experimental range was observed between the predicted conditions and the experimental data, except for a small deviation at high pressures.
